Control of physiological parameters such as respiration, blood pressure, and arterial blood gases has been difficult in the mouse due to the lack of technology required to monitor these parameters in small animals. Here we report that anesthetized and artificially venti lated mice can be maintained under physiological control for several hours with apparently normal cerebrovascular reactivity to hypercapnia and mechanical vibrissal stim ulation. SV -129 mice were anesthetized with urethane (750 mg/kg i.p.) and a-chloralose (50 mg/kg i.p.), intu bated, paralyzed, and artificially ventilated. Respiratory control was maintained within physiological range by re ducing the inspiratory phase of the respiratory cycle to <0. 1 s and by adjusting end-tidal CO2 to give a Pe02 of 35 ± 3 mm Hg. In these mice, mean arterial pressure (95 ± 9 mm Hg), heart rate (545 ± 78 beats/min), and arterial pH (7.27 ± 0. 10) could be maintained for several hours.
Recent advances in transgenic technology and ge netic engineering have emphasized the need to de velop accurate methods for monitoring and control ling respiration and systemic arterial blood pressure in the anesthetized laboratory mouse (Aguzzi et aI. , 1994) . Unlike larger animals that can sustain fre quent blood samplings and volume depletion, sys temic hypotension develops in the mouse after withdrawing only a few hundred microliters of blood. Even catheterizing blood vessels can be technically demanding. Ventilatory control poses the greatest challenge, however, because most small animal ventilators simply divide the respira-Body temperature was kept at 36.5-37SC. We observed stable regional CBF (rCBF) measurements (as deter mined by laser-Doppler flowmetry) when systemic arte rial blood pressure was varied between 40 and 130 mm Hg. Hypercapnia led to a 38 ± 15% (5% CO2) and 77 ± 34% (10% CO2) increase in rCBF. Mechanical stimulation of contralateral vibrissae for I min increased rCBF by 14 ± 4%. Changes in rCBF compare favorably with those observed previously in another rodent species, the Spra gue-Dawley rat. After placement of a closed cranial win dow, cerebrovascular reactivity to hypercapnia and whisker stimulation was intact and well maintained dur ing 2-h superfusion with artificial CSF. Key Words: Blood gases and pH-Cerebral blood flow-Cerebrovascular autoregulation-Cortical barrel fields-Hypercapnia Mechanical ventilation-Mouse. tory cycle into equal phases, thereby reducing car diac filling and lowering systemic arterial blood pressure during the relatively prolonged inspiratory phase. Moreover, conventional capnometers can readily suffocate a mouse because they require 150 mllmin of respiratory air for reliable detection of expired gases. Despite these shortcomings, a num ber of important previous studies have been pub lished in which CBF (Rosenblum and Zweifach, 1963; Rosenblum, 1977) , pial vessel diameter (Rosenblum and Zweifach, 1963; Rosenblum, 1986) , and in vivo videomicroscopy of the mouse cerebrovasculature (Rovainen et al., 1993) have been defined.
We were prompted to develop a physiological monitoring facility for the mouse because of our intention to study cerebrovascular regulation in m u tant mice lacking nitric oxide synthase gene expres sion and their wild-type littermates. This article de scribes our initial experience with a monitoring sys-tern in wild-type mice. With use of this system, mice can be maintained anesthetized with well controlled ventilation, arterial blood pressure, pH, and blood gases for several hours without signifi cant deterioration of physiological parameters and with normal cerebral autoregulation, regional CBF (rCBF), and pial vessel responses to hypercapnia and whisker stimulation.
METHODS
SV-129 mice (Taconic Farms, Germantown, NY, U.S.A.) weighing 19-3 1 g were housed under diurnal lighting conditions and allowed food (Prolab, rat, mouse, hamster 300w formula; Agway, CG, Syracuse, NY, U.S.A.) and tap water (pH 7. 1-7.2) ad libitum. Animals were deeply anesthetized by an intraperitoneal injection of urethane (750 mg/kg) and a-chloralose (50 mg/kg) pre pared in normal saline (0.12-0.14 ml) and maintained un responsive to tail pinch by forceps as assessed by changes in heart rate and blood pressure. One-fifth of the initial dose was supplemented when required. In some animals, anesthesia was induced by 2% and maintained with 1% halothane in 70% N20 + 30% O2, Blood pressure was monitored (ETH 400 transducer amplifier and MacLab/8 data acquisition system; AD Instruments, Milford, MA, U.S.A.) via femoral artery catheterized with a PE-IO polyethylene tubing (Clay Adams, Parsippany, NJ, U.S.A.). Arterial blood samples were obtained from the same line. One-hundred-microliter samples were with drawn into heparinized capillary tubes and analyzed at 37°C for partial pressure of oxygen, carbon dioxide, and pH (Ciba-Corning, 178B, Medfield, MA, U.S.A.). An equal volume of saline was injected after every sampling. More than three samples usually led to systemic hypoten sion. In some animals the femoral vein was also catheter ized, and a CO2-sensitive flow-through electrode (Micro electrodes, Londonderry, NH, U.S.A.) was inserted be tween the artery and vein to continuously record arterial Pco2. Arteriovenous pressure gradient ensured unidirec tional blood flow to the flow-through electrode. P aco2 was monitored with a 30-s delay due to catheter filling and electrode equilibration time. Core temperature was mea sured and maintained at 36.5-37SC using a heating blan ket (YSI, 73A with 511 probe, Yellow Springs, OH, U.S.A.). The recording chamber of the flow-through elec trode was taped to the back of the animal and away from the blanket to avoid the effects of temperature fluctua tions.
Mice were intubated with a 20-gauge intravenous cath eter (Angiocath: Deseret Medical, Sandy, UT, U.S.A.), paralyzed with pancuronium (0.4 mg/kg x 1 + 0.2 mg/kg q 30 min) and ventilated with a small animal ventilator (CWE, SAR-830, Ardmore, PA, U.S.A.). Respiratory CO2 was continuously monitored via a 10 to 20 cm-long tubing (PE-100; Clay Adams) glued to a soft rubber tubing attached between the endotracheal tube and ventilator. Placing the sampling tube immediately adjacent to the endotracheal tube eliminated variability. End-tidal CO2 was measured by a microcapnometer (Columbus Instru ments, Columbus, OH, U.S.A.) that reliably detected CO2 with flow rates of 20 ml/min. This sampling rate did not disturb the animal's respiration. The capnometer did not change the stroke volume as measured by the volume J Cereb Blood Flow Metab, Vol. 15, No.4, 1995 of air pumped into a tuberculin syringe immersed into water.
rCBF was determined by laser-Doppler flowmetry (Perimed, PF2B, Stockholm, Sweden, or Laserflo, BPM 403 A, Vasamedics, St. Paul, MN, U.S.A.) . Because the mouse skull and subarachnoid space are very thin, flow probes were placed directly over the intact skull following reflection of the skin and subcutaneous tissue. Probes were placed away from pial vessels that were visualized beneath the moistened skull. The data were stored on a computer and analyzed using MacLab/8 data acquisition and analysis system (AD Instruments). Heart rate was calculated from arterial pressure pulses or ECG and con tinuously displayed by the data acquisition software.
Closed cranial window preparation
After general preparation as described, the head was fixed in a small animal stereotaxic frame adapted for the mouse (Kopf Instruments, Tujunga, CA, U.S.A.), and the left parietal bone was exposed by a longitudinal mid line skin incision and the temporal muscle removed. Den tal acrylic was applied to the intact calvarium so as to surround the intended craniectomy. Two polyethylene tubes were embedded in the dental acrylic and below the window for superfusion. A craniectomy (3-4 mm in di ameter) was created in the center of the dental acrylic using a high-speed microdrill (FST, Foster City, CA, U.S.A.) while cooling the skull surface with saline. After reflecting the dura mater along with the closed attached arachnoidal membrane, the exposed pial surface was con tinuously superfused with artificial CSF maintained at 37.0°C and sealed immediately with a cover glass 12 mm in diameter using cyanoacrylate as described by Morii et al. (1986) . The volume under the window was <0. 1 ml. Intracranial pressure was maintained at 5-8 cm H20 by adjusting the outlet tube to an appropriate height.
Data analysis
Means are expressed with their standard deviations. Statistical evaluation of the data from autoregulation ex periments was done in two ways: (a) MABPs were grouped into IO-mm Hg epochs, mUltiples of 10 being the midpoint. Corresponding flow changes within each bin were averaged and the means were compared by analysis of variance for repeated measures followed by Bonferroni test to find the MABP values with flow levels significantly different from the baseline levels. (b) rCBF changes that were >2 SD of the mean baseline flow were detected for both hypotension and hypertension arms of autoregula tion curve in each individual animal. Statistical analyses were performed by using Statview 4 software (Abacus Concepts, Berkeley, CA, U.S.A.).
Protocols
Autoregulation. The femoral arteries were catheterized for monitoring blood pressure and for blood withdrawal. An initial rCBF reading was taken as 100% and subse quent flow changes were expressed relative to this value. Systemic arterial pressure was varied between 10 and 155 mm Hg. MABP was lowered � 10 mm Hg every 7 min by withdrawing arterial blood at a rate of 30 jJ.. l/min (Syringe Infusion Pump; Harvard Apparatus, South Natick, MA, U.S.A.). Hypertension was induced by administering 5 jJ.. g neosynephrine i.p. every 7-10 min. Occasionally, 10 jJ.. g neosynephrine was used to achieve high blood pres-sures. Seven minutes were enough to obtain a stable MABP and rCBF readings, and only readings recorded at equilibrium were correlated. The percent vascular resis tance was calculated and displayed by MacLab analysis software with the following formula: t:.%R = t:.%MABP/ t:.%rCBF. It should be noted that this value is an index of relative changes but not an absolute measure of vascular resistance. In two animals, the protocol for hypotension preceded the one for hypertension after a period of sta bilization. In four mice, hypotension was induced only. In two others, only the hypertension protocol was followed. During hypotension, respiratory rate was lowered to maintain the end-tidal Pc02 at �3.2%.
Hypercapnia. Hypercapnia was induced for 2 min by inhalation of 5 or 10% CO2 balanced with O2 and N2• Longer periods of inhalation were avoided because they often caused significant hemodynamic changes. Arterial blood samples were obtained at the end of randomly se lected 2-min inhalation periods. Before every hypercap nic challenge, animals were unresponsive to tail pinch. rCBF was recorded by laser-Doppler flowmetry, and changes were expressed as percentage of control read ings. The percent vascular resistance during hypercapnia was also calculated and displayed.
Vibrissal stimulation. The vibrissae on one side were stroked manually with a cotton-tipped applicator at 2-3 Hz for 1 min in anesthetized mice in which Pac02, arterial pressure, and heart rate were monitored along with rCBF. rCBF was continuously recorded before, during, and after stimulation by laser-Doppler flow probe posi tioned 4--5 mm lateral and 1-2 mm posterior to bregma over the contralateral somesthetic cortex. rCBF changes were expressed as percentage of control readings. The means of all the data points (20 samples/s) were calcu lated by a data analysis system. Animals were unrespon sive to tail pinch before every stimulation period.
Cranial window. After placement of the cranial window 0.5-2 h after induction of anesthesia), rCBF responses to hypercapnia (5%) and whisker stimulation were recorded every half hour for 1-3 h while superfusing with artificial CSF.
RESULTS

Mechanical ventilation
Initial experiments suggested that physiological recordings tended to be unstable and parameters such as arterial pH and Peo2 changed very rapidly, regardless of whether ventilation was spontaneous or mechanically assisted. Therefore, continuous monitoring of end-tidal CO2 appeared essential.
In initial experiments, we correlated end-tidal CO2 with simultaneously obtained arterial Peo2 val ues in 13 mice. A good correlation (r = 0. 93) and linear relationship were found between 1-4% end tidal CO2 and 10-45 mm Hg Paeo2 (Fig. 1 ). Respi ratory rate was adjusted to obtain an end-tidal CO2 value around 3. 2% (roughly 24 mm Hg) and read justed as needed after obtaining blood gases. Over 80 measurements in 29 mice documented that an end-tidal Peo2 value of 3. 23 ± 0. 18% corresponded to an arterial Peo2 of 35 ± 3 mm Hg. In fact, a discordance between these values indicated the presence of partial obstruction, usually in the flow restrictor element of the capnometer, which often became occluded despite daily care.
The respiratory cycle was divided into unequal inspiratory and expiratory phases. Inspiratory time was kept at 0.07-0. 1 s. Longer inspiratory cycles decreased blood pressure within a minute, possibly due to a drop in cardiac filling and cardiac output. This decrease in pressure was reversible upon re turning to shorter inspiratory times. The stroke vol ume was set at 0.5-0.6 ml, which was estimated to give a tidal volume of �0.35-O.45 ml. With this tidal volume, a respiratory rate of 120--170 beats/min was required to maintain normal arterial gases. Higher respiratory rates combined with lower tidal volume also provided blood gases within physiological range, but were not preferred because respiratory balance became disturbed more easily during changes in extrathoracic pressure caused by manip ulations such as intraperitoneal il1iections. More over, when the stroke volume was set below 0.5 ml, end-tidal CO2 readings displayed artifactually nor mal values despite high arterial Peo2 possibly be cause only dead space was being ventilated. A prac tical way of adjusting stroke volume, in our experi ence, has been to keep the volume at the level at which thoracic movements first became notice�bly observed.
Physiological variables
The level of arterial blood pressure at baseline was largely dependent upon the anesthetic agent. Urethane (> 1 g/kg) always led to a dose-dependent reduction in pressure. Baseline MABP was 95 ± 9 (n = 51) mm Hg under urethane (750 mg/kg) + a-chloralose (50 mg/kg). Values over 1I0 mm Hg usually indicated light anesthesia, high P aco2, and/ or low Pao2. Heart rate also depended on the level of anesthesia. Under urethane/a-chloralose, it was 545 ± 78 beats/min (n = 51). Mice were ventilated with Oz-enriched room air to give an arterial P02 of 100-150 mm Hg. Oz-enriched room air was obtained by combining pure O2 with room air via a Y -tube attached to the flow-in port of the ventilator. Com pared to the rat, the mouse had a lower arterial pH (7.27 ± 0.10; n = 18) when Paco2 was maintained at 35-39 mm Hg (Table 1) .
Mice maintained the physiological variables within normal limits for several hours when ade quately ventilated. For example, MABP dropped slightly from 91 ± 12 to 86 ± 9 mm Hg in 12 animals that were followed for 4 h. Po2, Pco2, and pH val ues of these mice at the end of 4th hour were 148 ± 41 mm Hg, 31 ± 2 mm Hg, and 7.3 1 ± 0.05, respec tively. MABP dropped to 84 ± 1 mm Hg in six of these animals that were followed for an additional hour. 
Cerebral autoregulation
Mice maintained cerebral perfusion at normal levels between 40 and 130 mm Hg (Fig. 2) . When analyzed by 10-mm Hg epochs, statistically signifi cant differences from the baseline flow readings were observed at MABPs of �40 and;:::,: 130 mm Hg (p < 0.05). While flow was maintained constant within this pressure range, vascular resistance de creased in parallel with pressure. rCBF dropped by 8 ± 4% when blood pressure was lowered to -40 mm Hg and increased by 22 ± 8% with values be tween 125 and 134 mm Hg. However, there was variability among individual animals for both upper and lower limits of autoregulation. First rCBF changes of > 2 SD from the mean baseline flow were detected over a range of 32-47 and 122-136 mm Hg for individual animals.
rCBF responses to hypercapnia
Hypercapnia caused a rapid increase in rCBF (Fig. 3) . Both end-tidal CO2 and arterial Pco2 reached a plateau during the second minute of CO2 inhalation (Fig. 4) . rCBF increase also reached a maximum within the second minute. A mean P aco2 of 56 ± 5 (with 5% CO2, n = 16) and 72 ± 7 (with 10% CO2, n = 8) mm Hg was detected from arterial blood samples taken at the end of the second minute. The mean increases in rCBF during the sec ond minute of hypercapnia were 38 ± 15% (n = 31) and 77 ± 34% (n = 17) for 5 and 10% CO2, respec tively, and calculated reactivities to CO2 (ArCBF/ APaco2) were 1.8 and 2. 1.
Heart rate consistently dropped by 3 ± 2% (n = 18) during 5 or 10% CO2 inhalation (Fig. 3) . Arterial blood pressure showed mono-, bi-, or triphasic fluc tuations during hypercapnia, having a mean change between -23 and 19 mm Hg ( -3 ± 9) (Figs. 3 and 5). Mean percent resistance decreases recorded Hypercapnia causes an increase in regional CBF (rCBF) and a decrease in percent vascular resistance (A%R) during 10 or 5% CO2 inhalation in the anesthetized mouse. Data are from a representative animal in which values for arterial blood pressure (BP), rCBF (laser-Doppler flowmetry over parietal cortex), respiratory CO2, heart rate, MABP, and percent vascular resistance are displayed from a computer printout. Vascular resistance changes during hypercapnia were calculated by dividing % pressure change by % flow change. Note that respiratory CO2 exceeded the detection limit of the capnometer (10%) during 10% CO2 inhalation (first hypercapnic episode). Heart rate dropped during hyper· capnic challenges, and MABP decreased in this animal. Data acquisition (sampled at 20 Hz) and calculations were per· formed by MacLab/8 software. Arterial pressure and heart rate did not change during a 10-s tail pinch (between vertical lines), indicating that the animal was deeply anesthetized. Every 4 min was noted with a tick mark on the x-axis.
during the second minute of hypercapnia were 31 ± 7 (n= 31) and 48 ± 8% (n = 17) with 5 and 10% CO2 inhalation, respectively.
rCBF response to vibrissal stimulation
The mean rCBF increase during mechanical stim ulation of contralateral vibrissae was 14 ± 4% (n = 10; Fig. 5 ) and reached a maximum of 23 ± 7% within 15 ± 3 s. No significant changes in arterial pressure or heart rate were observed during vibris sal stimulation.
Responses to hypercapnia and whisker stimula tion were both well preserved after placement of the closed cranial window and showed no attenuation during superfusion with artificial CSF for 2 h (Fig.  5) . In five animals, hypercapnic challenge with 5% CO2 increased rCBF by 35 ± 11 and 49 ± 21 % just after placement of the cranial window and 1 h later, respectively.
DISCUSSION
In Biology of the Laboratory Mouse, Bernstein concludes that "the laboratory mouse has been lit tle studied physiologically and much micro technol ogy needs to be developed before its full potential as an experimental animal realized" (Bernstein, 1966) . Our recent experience demonstrates that technological developments have now made it pos sible to maintain an anesthetized mouse for several hours without deterioration in physiological param eters and with well preserved cerebrovascular reac tivity. This requires a ventilator that can provide small tidal volume, high-frequency respiration, and most importantly an inspiration time below 0. 1 s. A short inspiration time appears critical to maintain Continuous monitoring of arterial PC02 using a flow through microelectrode placed between the femoral artery and vein in urethane/a-chloralose-anesthetized mouse be fore and during hypercapnia (5%). Because frequent blood withdrawal was avoided, volume depletion and systemic hy potension did not develop. Upper trace displays regional CBF (rCBF); middle trace, respiratory CO2; and lower trace, P aC02' Initial reading of rCBF by laser-Doppler was taken as 100%. There is a 30-s latency in the arterial CO2 response that reflects both the dead volume (20 s) between the femoral artery and microelectrode and the electrode's response time (10 s; tick marks on the x-axis denote every minute). Contin uous monitoring of P aC02 shows that a steady level is reached only within the second minute of CO2 inhalation despite an earlier stabilization in the expired CO2, Note that a logarithmic scale was used for P aco2 because the electrode generated an output voltage proportional to pH changes in duced by CO2 entering through the gas-permeable mem brane covering the electrode. Hypercapnia was applied be tween vertical lines. The more rapid fluctuations superim posed upon the baseline and hypercapnic rCBF response probably reflect vasomotor instability as reported previously in the rat (Dirnagl et aI., 1989) . Mechanical stimulation (2-3 Hz) of contralateral vibrissae led to an rCBF increase throughout the 1-min stimulation period (horizontal bars at the top). No significant changes in MABP or heart rate were observed during vibrissal stimulation. Depth of anesthesia was checked by 10-s tail pinch (vertical bars). Hypercapnia was induced by inhalation of 5% CO2 (indicated by increase in respiratory CO2), Vascular resistance changes (a%R) during whisker stimulation and hypercapnia were calculated by dividing % pressure change by % flow change. Tests were repeated 1 h after superfusion with artificial CSF and show a well maintained cerebrovascular reactivity (1-h gap was indicated with the vertical clear space). Note that MABP was stable through out the experiment, which lasted 3 h after induction of anesthesia. Duration between the tick marks on the x-axis is 4 min, and the clock indicates that 1 h, 16 min had passed since the beginning of the recording.
adequate cardiac output and blood pressure and hence normal physiological functions. Monitoring of end-tidal CO2 also appears to be indispensable because frequent readjustment of respiratory pa rameters is necessitated by a change in the depth of anesthesia and experimental protocoi. For exam ple, end-tidal CO2 values are closely monitored to restore P aco2 to baseline after hypercapnic chal lenge. The respiratory rate is first increased by 20% (to expel the accumulated CO2) and subsequently decreased as needed to return the basal end-tidal Pco2 level of 3. 2%.
The arterial blood pressure and heart rate values agree with published reports for the mouse (Bern stein, 1966; Sarin et ai. , 1990; Barbee et ai., 1992; Mills et ai., 1993) . However, there is some disagree ment about normal values for arterial pH. While some studies report a pH value close or equal to 7. 4 (Bernstein, 1966; Weaver and Scott, 1984; Rosen-J Cereb Blood Flow Metab, Vol. 15, No.4, 1995 blum et ai., 1990 , others report a value of 7.2-7.3 (Lahiri, 1975; Siemann, 1983; Barone et ai. , 1993) . The discrepancy between groups is larger than differences observed among strains. Wolfe (1959) reported a pH range of 7. 36-7.43 in 10 differ ent strains (see also Bernstein, 1966) , and Barone et ai. (1993) recently reported a pH of 7. 15-7.20 in three mouse strains. However, Weir (1949) re ported a broader spectrum of pH (7.29-7.43) in five strains and estimated that 40% of the variations could be accounted for by genetic differences and the rest by environmental factors. He demonstrated that diet and environmental temperature may influ ence arterial pH in the mouse: For example, blood pH of the Ba strain rose from 7.228 to 7.270 when mice were kept at 24 or 32°C room tempera t ure, respectively. Weir also showed that this change was not related to a change in body temperature, but possibly to metabolic adaptation. In addition to strain differences, laboratory differences relating to the pH of drinking water, composition of food, and the environmental temperature may therefore have led to the observed differences between groups. In a comparative study (Lahiri, 1975) , the mouse was reported to have a lower P aco2 (20 mm Hg) at pH 7.4 and a lower arterial pH (7.33) than other ro dents, and these latter values agree with our data (Table l)� Our data demonstrate that mouse cerebral ves sels exhibit changes in reactivity to hypercapnia, whisker stimulation, and perfusion pressure compa rable but not identical to those in the rat. The CO2 reactivity in the mouse (I .8) was very similar to the reactivity detected in the rat in our laboratory using the same protocol (1. 9 with 5% CO2) (lrikura et al., 1994b ). The only difference was that arterial blood pressure changes during hypercapnia were more striking and variable in the mouse. We have not studied the mechanisms of these hemodynamic changes; however, they might be anesthetic depen dent. The difficulties in comparing flow responses accompanied by significant changes in arterial blood pressure were partly overcome by expressing the data as percent change in vascular resistance.
The magnitude of the relative flow changes during I-min whisker stimulation was not significantly dif ferent from the responses obtained in the Sprague Dawley rat in our laboratory (14 ± 4 and 11 ± 3% in the mouse and rat, respectively) (Irikura et al., 1994a ). However, time to peak was faster in the rat (8 ± 2 vs. 15 ± 3 s), though the maximum flow increases were comparable (20 ± 3 and 23 ± 3%). As in the rat, responses to hypercapnia and whisker stimulation were both well preserved after place ment of the closed cranial window and showed no attenuation during superfusion with artificial CSF for several hours.
There are large variations in the limits of cerebral autoregulation for different species, in part due to differences in anesthetics, methods of induction of hypo-and hypertension, and flow detection (Dirnagl and Pulsinelli, 1990 ). Yet, the lower limit of autoregulation we detected was within the range of 40--6 0 mm Hg reported for the rat (Barzo et al., 1993; Verhaegen et al., 1993) and most species (Heistad and Kontos, 1983) . The upper limit of au toregulation in our study was comparatively low, perhaps due to the direct flow-reducing action of the vasoconstrictive agent used to increase the blood pressure (Tsukada et al., 1979) .
